Abstract
Introduction
In contrast to conventional white-light sources, organic light-emitting diodes (OLEDs) and light-emitting electrochemical cells (LECs) exhibit beneficial energy savings [1] . OLED technology is now well established, but the more recently developed LECs offer a number of advantages, including a simpler device architecture and assembly using solution (not vacuum) processing. The active layer in a LEC is a charged material, either an ionic transition metal complex or a polymer [1] . For the former, cyclometallated iridium(III) complexes are the most popular choices, but commercial uptake of iridiumbased LECS and OLEDs is limited by the low abundance of iridium in the Earth's crust [2] (≈3 × 10 -6 ppm). In contrast, copper is highly abundant and cheap [3] , and over the last few years, the potential for copper-containing OLEDs [4] and LECs [5, 6, 7, 8] has come to the fore. Among the most promising emissive copper(I) complexes are heteroleptic [Cu(P^P)(N^N)] + species in which N^N is a diimine ligand and P^P is a sterically demanding bis(phosphino) chelate such as bis(2-(diphenylphosphino)phenyl)ether (POP) or 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos) [5, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . A number of related dicopper complexes have also been reported [21, 22, 23, 24] .
Few studies have focused on dinuclear copper complexes for application in LECs. Brüggler,
De Cola and coworkers have described the use of rigid tetra(phosphino) units as the bridging domains in dicopper(I) complexes [25] , while the groups of Delavaux, Armaroli and
Nierengarten [26] and of Weinhardt, Baumann and Bräse [27] have focused on the use of P^N bridging domains. As an extension of our studies of [Cu(N^N)(POP)] + complexes in which the N^N domain is a 2,2':6',2''-terpyridine (tpy) ligand [28] , we now report a series of four dinuclear complexes of type [Cu 2 (P^P) 2 (µ-L)] 2+ in which P^P is either POP or xantphos and µ-L is 2,3,5,6-tetra(pyridin-2-yl)pyrazine (1) or 2,4,6-tri(pyridin-2-yl)-1,3,5-triazine (2) (Scheme 1).
Scheme 1.
The structures of ligands 1 and 2, and a comparison of their metal-binding domains with that of 2,2':6',2''-terpyridine (tpy).
Experimental

General
1 H, 13 C and 31 P NMR spectra were recorded on Bruker Avance III-600, III-500 or III-400 NMR spectrometers. 1 H and 13 C NMR chemical shifts were referenced to residual solvent peaks with respect to δ(TMS) = 0 ppm and 31 P NMR chemical shifts with respect to δ(85% aqueous H 3 PO 4 ) = 0 ppm. Solution absorption and emission spectra were recorded with an Agilent 8453 spectrophotometer and Shimadzu RF-5301PC spectrofluorometer, respectively. Electrospray ionization (ESI) mass spectra were recorded on a Bruker esquire 3000plus instrument. 
Crystallography
Data were collected on a Bruker Kappa Apex2 diffractometer with data reduction, solution and refinement using APEX [29] and CRYSTALS [30] . The program Mercury v.
3.5.1 [31, 32] was used to draw ORTEP diagrams and for structural analysis. It was necessary to use SQUEEZE [33] to treat the solvent region of the complex with ligand 2, and the electron density removed equated to 1. 3 Results and discussion
Synthesis and structural characterization of complexes
The copper complexes (Scheme 2) were prepared by first [
with POP or xantphos, followed by the addition of 1 or 2. The products were obtained as red solids in yields ranging from 49 to 97%. Satisfactory elemental analyses were obtained for the complexes, but to confirm the dinuclear nature of the complexes, single crystal structure data were necessary. The non-coordinated pyridyl ring in the [Cu 2 (2)(POP) 2 ] 2+ cation is hosted within a cavity between four phenyl rings, one from each PPh 2 unit (Fig. 4a) ; however, only one edgeto-face π-contact is efficient (CH...centroid = 2.55 Å). Despite the multiple arene rings in the [Cu 2 (2)(POP) 2 ] 2+ cation, only two face-to-face π-stacking interactions occur (Fig. 4b) , and neither has optimal metric characteristics. The first π-contact is within one POP ligand (angle between ring planes = 14. (Fig. 5b) were assigned combining the characteristic 13 C chemical shifts of C B6 and C B4 (see the HMQC spectrum in Fig. 6 ) and the appearance of an H B3 /H B4 crosspeak in the COSY spectrum. The appearance of the pyridine proton signals at 295 K (Fig. 5b) is most likely associated with dynamic processes involving (i) the interconversion shown in Scheme 3, and (ii) inversion of the bowl-like xanthene unit. We have previously described the interconversion of conformers via xanthene inversion in the related complex [Cu(Phbpy)(xantphos)][PF 6 ]
(Phbpy = 6-phenyl-2,2'-bipyridine) [36] and we return to this below. At room temperature, the solution 1 H NMR spectrum of [Cu 2 (2)(POP) 2 ][PF 6 ] 2 exhibits signals arising from the POP ligand and a broad signal at δ 8.19 ppm (top spectrum in Fig.   7 ). Use of COSY, HMQC and HMBC allowed the POP ligand resonances to be assigned. In the HMQC spectrum (Fig. 8) , the broad 1 H NMR signal at δ 8.19 ppm showed a correlation to a 13 C resonance at δ 150.1 ppm (unresolved in the 1D spectrum), allowing this to be assigned to H B6 ; this is analogous to the crosspeak assignment shown in Fig. 5 for [Cu 2 (1)(POP) 2 ][PF 6 ] 2 . In addition, the 1 H NMR signal at δ 7.32 ppm gave two correlation peaks to δ 13 C 130.1 ppm (unresolved in the 1D spectrum, Fig. 8 ) and δ 13 C 133.1 ppm assigned to C B5 and C C5 , respectively. Upon cooling (Fig. 7) , all signals initially collapse. At 215 K, ligand 2 exhibits two pyridine environments in a ratio of 2 : 1, consistent with two chelating bpy domains and one non-coordinated pyridine ring, as seen in the solid-state structure (Fig. 3) . The C ring of the POP ligand retains one environment between 295 and 215 K, while the phenyl rings D separate into two environments (Fig. 7) . The observations can be rationalized in terms of two dynamic processes. Cooling the sample first freezes out a process that renders the three pyridine rings equivalent, a process related to that in Scheme 3 but involving only one pendant pyridine ring. As the pyridine rings in ligand 2 separate into the chelating and noncoordinated sets (Fig. 9) , the phenyl rings of each PPh 2 unit are rendered nonequivalent. One set (coloured pale blue in Fig. 9 ) faces the non-coordinated pyridine ring, while the second set (green in Fig. 9 ) is directed towards the other side of the complex. The lowest energy dynamic process is the flipping of the diphenyl ether backbone of the POP ligand; with this motion persisting at 215 K, the four green Ph units are made equivalent, as are the four pale blue Ph rings. 
Photophysical properties
The At room temperature in both solution and the solid state, the complexes are very weakly emissive when excited at wavelengths between 270 and 490 nm, and we have not, therefore, investigated the emission behaviour in detail.
Conclusions
We have prepared and characterized the dinuclear copper(I) complexes [Cu 2 (1) 
